Filamentous cyanobacteria often dominate benthic microbial communities of antarctic lakes and usually exhibit saturation of photosynthesis at light intensities -100 PEinst m-* s-l. Incident light regimes are controlled by ice and snow accumulations overlaying water columns during much of the year. Thus, light availability to microbial mats is often below saturation intensity and is strongly influenced by modest changes in climatic factors. A model of net primary production for benthic mat communities of the subantarctic Sombre Lake, Signy Island, was developed (1) to evaluate depth-specific productivities of mat communities, (2) to test the relative importances of model parameters to mat production, and (3) to explore the potential impacts of climate change on mat production as manifested through changes in light regime. Simulated rates of net primary production corresponded to observations on a daily basis (-1-4 pg C fixed mg-' ash-free DW of mat d-l) but were an order of magnitude lower than estimates of net annual production based on field measurements (13 vs. 1 l-45 g C m-2 yr-l, respectively). Close examination suggested that the simulated values were more plausible. A detailed sensitivity analysis of model behavior revealed that variations in the time of ice and snow melt in spring accounted for 40-60% of the total variation in model behavior, emphasizing the importance of climatic factors to net primary production of mat communities and the sensitivity of mat production to climate change.
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hypothesized that spatial-temporal patterns of light intensity may determine patterns of primary production in oligotrophic, antarctic lakes. We herein develop a simulation model to describe the relationships between light availability and production of benthic microbial mat communities in Sombre Lake (Signy Island, Antarctica) . This model is used to evaluate the effects of light intensity on the distribution of particular mat types within this lake and to elucidate the potential impacts of changing light regimes on net annual primary production due to shifts in patterns of ice and snow accumulation that may result from global climate change.
Study site and methods
Signy Island is one of the South Orkney Islands, located in the southern Atlantic Ocean (60"43'S, 45"38'W). The island contains several lakes that freeze to -1 -m depth for 8-12 months per year. Primary productivity of benthic communities in Lake Sombre, one of the more oligotrophic lakes on the island, was examined in a pair of detailed laboratory and field studies (Priddle 1980a,b) . These data, in conjunction with observations of light regimes and other physical characteristics of Signy Island lakes, provide the bases for developing a simulation model of primary productivity for the benthic microbial mat communities dominating primary production in this lake.
Benthic microbial mats-Microbial mats are found throughout much of the benthic regions of antarctic lakes. Although considerable differences exist in the composition and relative abundances of the species that comprise these mats, they are dominated by cyanobacteria (i.e. 1989 Goldman et al. 1972 Goldman et al. 1972 Goldman et al. 1967 Goldman et al. 1967 Heath 1988 Parker and Wharton 1985 Oscillatoria, and Lyngbya), pennate diatoms, and eubacteria (Wharton et al. 1983; Vincent 1988) . The productivity of microbial mats in antarctic lakes also varies, with estimated rates of carbon fixation ranging from 5 to 1,400 g C mm2 yr-I (Table 1 ). However, rates of photosynthesis are low and vary with mat type and species composition (Table 2) . Priddle's (1980a,b) studies of Signy Island lakes are among the most detailed investigations of microbial mats and reported net primary productivities of 1.5-4.0 pg C mg-l ash-free dry weight (afdw) d-l. Similar investigations performed on microbial mats in several lakes located on the Ross Ice Shelf, Antarctica, reported photosynthetic rates of 9-21 mg C m-2 h-l (Howard-Williams et al. 1989 ). Unfortunately, differences in investigative approaches and units of measure make comparisons between studies difficult (Table 2) .
Light regimes-In addition to seasonal extremes in ambient light intensities in polar regions, variations in overlying ice thickness affects the quantity and spectral distribution of radiation reaching the underlying water (Ragotzkie and Likens 1964; Lizotte and Priscu 1992; Wharton et al. 1992) . In general, only a small amount of the incident solar flux is transmitted through lake ice and varies as a function of albedo, sediment content, thickness, and scattering properties (McKay et al. 1994) . Studies of spectral downwelling in Lake Hoare (South Victoria Land, Antarctica) have shown full wavelength photosynthetically active radiation (PAR) beneath the ice at <5% of maximum incident surface PAR (Palmisano and Simmons 1987; McKay et al. 1994 ). There also are significant seasonal variations in the optical properties of ice (Goldman et al. 1967; Wharton et al. 1989 Wharton et al. , 1992 Lizotte and Priscu 1992) . McKay et al. (1994) proposed that transmission decreased early in summer due to heating in the upper layers of ice, but the increasing content of liquid water in the ice cover eventually increased transmission in late summer.
Once light penetrates the overlying ice, intensity diminishes with depth in the water column. Moreover, attenuation coefficients vary substantially with depth and over time as a function of phytoplankton, detritus, and gilvin concentrations, with temporal variation apparently greater at shallow depths in antarctic lakes (Lizotte and Priscu 1992) . Clearly, light energy received by benthic microbial mats is extremely low and varies with lake, depth and time.
Modeling rationale-Seldom do sufficient data exist to build and indeF,endently validate simulation models for a particular systern. However, in his studies of Signy Island lakes, Priddle (1980a) examined the same types of benthic communities both in situ and in laboratory studies (Priddle 1980b) . Laboratory investigations of photosynthetic responses of mat types and their respiration rates were used to describe patterns of net primary production (Priddle 1980b) . Moreover, production rates were determined in situ for mats in Changing Lake and Sombre Lake. These studies provide sufficient data for developing a semimechanistic model of mat production, based on laboratory observations, as well as for evaluating the application of this model to field conditions. Two algal communities were examined by Priddle, one dominated by a composite of two genera, Tolypothrix and Plectonema (Sombre Lake) and the other dominated by a species of Phornzidium (Changing Lake). Net production rate (P,,) was estimated as A pg 0, mg-1 afdw of benthic mat, according to Pri ddle ( 1980b): P,, = a~/( 1 + /3/Z) -y and. P, = P,, + y,
where P,? is the gross production rate (i.e. photosynthesis), cy is the value of P, at the asymptote (theoretical maximum), I is the sunlight intensity (W m-2), p is the value of I when P, is half of a, and y is the respiratory uptake (assumed , constant).
The use of a rectangular hyperbolic (Michaelis-Menten) equation to estirnate photosynthetic activity as a function of light intensity is one of the simplest and most widely used phenomenological descriptions of this relationship (Eq. 1). Moreover, previous studies of benthic algal production in antarctic streams and lakes demonstrate the utility of this Table 2 . Photosynthesis and primary production estimates for benthic algal mats in antarctic ponds, lakes, and streams.
Photosynthesis
Community type Location Reference 1563 0.2 pg 0, mg-' h ' 0.6 pg 0, mg-l h-' 1.5 pg C mg-' d-' 11 g C m-2 yr-l 4.0 pg C mg-' d-l 45 g C m-2 yr-' 12.9 mg C m-2 h ' 19.9 mg C m-2 h-l 20.9 mg C m-2 h-' 12.5 mg C rnd2 h-' 13.6 mg C me2 h-* 9mgCm-2h-'
.1 pg C cm-2 h-' 9.7-23.7 pg C cm-2 h--l 7.6-14.0 pg C cm-2 h ' 2.0-5.4 pg C cmd2 h-' 2.6 ,ug C cm-2 h-' 3.6 pg C crnd2 h-' 2.9 pg C cm-2 h-' 2.0 pg C cm-2 h-' 1.48/0.51 pg C cm -2 h-' O/-O.24 pg C cmm2 h-' 0.3UO.37 pg C cm-2 h-' l-33/0.1 1 pg C cm-2 h-' 2.15/0.93 pg C cm-2 h-' 1.65/1.08 pg C cm-2 h -' 0.91/0.80 pg C cm-2 h-' 0.6UO.07 pg C cm-2 h-' Priddle (1980a,b) to describe benthic mat production for Sombre Lake in conjunction with routines developed to capture normal variation in ambient light regime (see below).
Sunlight regimes-The principal driving variable for these simulations is sunlight intensity. An empirical model was constructed to simulate light intensity at the mat surface, based on Priddle's (1980a,b) observations from Signy Island. Priddle (1980b) noted that irradiance at the microbial mat surface at 5-m depth varied between 1 and 2,600 kJ m -2d -I (annually), with maximum sunlight intensities of -50 W mh2. Moreover, Vincent (1988) reported that the average number of daylight hours (sunrise to sunset) at 60"s latitude varies from -19 (December) to 6 (June). This information was sufficient to develop a simple routine that estimates hourly sunlight intensities throughout the year.
We assumed that sunlight intensity varies as a cosine function of time, with maximum intensity at midday (12 h) and minimum intensity both at the start and end of the day (hours 0 and 24): where I is sunlight intensity (kJ m-2 h-l), A, is amplitude (W m-2 h-l), H is time of day (h), and S is. the effect of season (unitless). The effect of season on the diurnal pattern of light intensity was calculated as a function of time:
where S is a seasonal scalar (unitless), A,y is seasonal amplitude (unitless), D is the day of the year, and 4 is the phase shift (days). The values for amplitude and phase shift were selected to approximate the annual pattern of daily sunlight for this latitude (in hours; Vincent 1988), and to provide maximum and minimum sunlight on 7 December and 8 June, respectively. This sunlight routine provides a close approximation to observed mean daily irradiances for Signy Island ( Fig. 1 ; r2 = 0.89; Walton 1977).
Ice efSects-Overlying ice and snow greatly reduce the amount of light entering a lake. Sombre Lake typically develops a maximum ice thickness of 1 m, which starts to freeze in mid-March and lasts for 8-10 months. The ice cover initially is composed of a bubble-free black ice on which subsequent layers of opaque white ice (fresh snow and lake water composite) accumulate. During the initial stages of formation, albedo of this type of ice ranges between 20 and 40% (Welch et al. 1987) , and light attenuation approximates that of pure water (E = 0.05 m-l). As the ice accumulates, albedo approaches 40-60% and light attenuation increases (E = 1.0 m-l; Palmisano and Simmons 1987).
We simulated the dynamics of ice cover on Sombre Lake with an empirical, two-step approach. Tee accumulation was calculated as a sinusoidal function of time, beginning in midMarch and achieving a maximum ice thickness of 1 m by August. The daily rate of ice melt was estimated as a linear function of time:
where V is ice :hickness, k is a constant, D is the day of the year, and j is the day of the year on which melting begins (i.e. day 282 or 9 October). This two-step approach accounts for 85% of the observed variation in ice thickness reported for Signy Island lakes during the years 1970 -197 1, 1980 , and 1990 (Light et al. 1981 Hawes 1985 ; C. EllisEvans unpubl.).
Few observations have been made of light attenuation through the ice of Signy Island lakes. Studies of ice cover on Taylor Dry Valley lakes (78'S) suggest that attenuation varies as a function of ice thickness due to differences in the optical characteristics of early and late season ice (McKay et al. 1994) . We selected two attenuation values based on reports from other antarctic lakes (Palmisano and Simmons 1987): E = 0.10 when ice thickness CO.5 m, and E = 1 .O otherwise. When snow is absent, the value of albedo for ice was set at 46%. which is an average of values reported for various types of ice (Goldman et al. 1967 (Goldman et al. , 1972 Vincent 1988) .
Snow eficts--Unlike ice thickness, which continually grows during the winter, snow cover and depth are more dynamic because of wind, topography, and temporal patterns of snowfall. There is little information available about snow cover on Signy island lakes. However, accumulation appears to be limited to ,I depth of about 0.3 m on many of the island lakes (Priddle 1980b; Light et al. 198 1; Hawes 1985) . We developed a snow-cover model that is the same as our ice dynamics model (see above), differing only in the timing and extent of sn'ow accumulation and melt. We use a pattern that corresponds to the one presented by Hawes (1985) and Light et al. (I 981) , in which snow begins to accumulate in mid-July, reaches a maximum depth of 25 cm by August, and melts by December.
Snow accumulation greatly decreases light reaching the ice. Depending on physical characteristics, albedo ranges between 30 and 90% (Paige 1968; Walton 1984; Vincent 1988) . We used a constant value for albedo of snow (65%), which is an average of the values reported for snow in Antarctica (Paige 1968; Walton 1984; Vincent 1988) and is consistent with values reported for snow on lakes at comparable northern latitudes in Canada (Welch et al. 1987) .
Light transmission through snow decreases sharply with depth, with as little as 2.4% of surface light transmitted through 10 cm of snow (cf. Welch et al. 1987) . We used data provided by Welch et al. (1987) for the Saqvaqjuac lakes, Canada (63"30'N), to simulate light transmittance. This entails two logarithmic equations, one for snow depths >3 cm and one for lesser depths:
where T is percent transmission of incident light intensity, z is depth of snow (cm), and values of a and b are empirically derived from Welch et al. (1987) for depths ~3 cm. At snow depths <3 cm, we assumed a logarithmic relationship providing 100% transmission of light at a depth of 0 cm and equal to observed transmission at 3 cm. Parameter values for Eq. 5 are listed in Table 3 .
Water efsects-Light attenuation in the water column is strongly influenced by phytoplankton dynamics, dissolved humic substances, and suspended solids, and varies with time and degree of vertical mixing (Hawes 1983) . Light extinction coefficients at particular depths were estimated using the Beer-Lambert Law (cf. Kirk 1994), given depth-specific light intensities in the presence and absence of ice cover estimated from light transmittance data for Sombre Lake (Oppenheim and Ellis-Evans 1989). We then used an average value for light extinction ( ez = 0.24 t 0.11 m-l) to drive the simulation model, which falls within the range of other values (0.06-0.32 m-l) reported for Sombre Lake (Hawes 1985) .
The albedo for open water was set at a constant 32% of incident light, which represents the mean of 110 open-water determinations during 1977-1981 at Saqvaqjuac Lake (63"39'N, 90"39'W, Welch and Kalff 1974) . This should be a reasonable estimate of albedo of Signy Island lakes (60"43'S, 45"38'W), because the solar angles are similar at these two latitudes.
Simulations-We conducted simulations using baseline parameters (Table 3) to evaluate annual patterns of mat production at different depths in Sombre Lake. The simulated light regime (discussed previously) was used to drive this model over the course of a year, using an hourly iteration interval. Sombre Lake has a maximum depth of 11 m, so light regimes at each of 11 l-m depth intervals were used to drive the mat production model, given parameters for both mat community types (Tolypothrix-Plectonema and Phormidium), assuming both mat types could exist at all depths in this lake. Initial biomass values of mats were set at 48.0 and 79.0 g afdw m-* for Phormidium and ToZypothrix-PZectonema communities, respectively (Priddle 1980a). Although these values were reported for mats between 4-and 5-m depths, they were used for simulations at all depths because measurements of biomass were not available for communities at other depths. Thus, hourly net production was estimated as the difference between photosynthetic gains and respiratory losses, given the standing biomass and photosynthetic and respiratory characteristics of each mat community.
Sensitivity analysis and impacts of changing light regimes-The relative sensitivity of overall model behavior to variations in parameter values can be examined by systematically altering parameter estimates and comparing the re-sulting model outputs. We simultaneously and randomly modified a suite of parameters within a range of + 10% of their baseline values, for a total of 60 simulations (Table 3) . To evaluate the variation in model output due to variation of individual parameters, we used a forced entry multiple linear regression model (general linear model; Data Desk 1992), with model output (whole lake production) as the dependent variable and model parameters as the independent variables. This provided the partial sums of squares due to variations in each model parameter. The individual partial sums of squares for each parameter was divided by the total sums of squares of the analysis to provide an estimate of the relative contribution of each parameter to the overall variation in model output. This identified the parameters to which model behavior was most sensitive.
One of the goals of this study was to assess the potential impacts of changing light regimes on benthic production, as a possible consequence of climate change. The data gener-, ated by our sensitivity analysis addressed this goal in a manner that included many possible changes, i.e. we assessed the response of simulated productivity to changes in light regimes by modifying the model in several different ways that altered light regime. Thus, testing of model parameters not only permits evaluating the possible impacts of changing light availability on production but also identifies the likely importance of changes in particular environmental factors on production.
Results and discussion
Patterns of net production-The basic production model developed from Priddle's work (1980a, b), given a daily light regime appropriate to the site and lake depth, estimated maximum total daily carbon flux at 3.71 and 1.05 pg mg -l afdw for Tolypothrix-Plectonema and Phormidium mats, respectively. These values are very close to maximum in situ observations for Tolypothrix-Plectonema mats (4.0 /-Lg C mg-' afdw, at 5-m depth) and Phormidium communities (1.5 pg C mg-' afdw, at 4-m depth) and demonstrate close corroboration between model behavior and experimental observations. However, differences between model predictions and reported estimates of net annual production were large. Simulations of net annual production for the ToZypothrix-PZectonema (5-m depth) and Phormidium (4-m depth) communities were 0.3 and 6.5 g afdw m-*, respectively (Fig. 1) . These values are considerably less than estimates reported for these communities (45 and 11 g C m-*, respectively; Priddle 1980a).
The methods used by Priddle (1980a) to calculate net annual production from daily observations were not described, but the maximum production rate for ToZypothrix-PZectonema mats was 4.0 pug C mg-l afdw d-l and standing biomass was 79 g afdw m-*. These values indicate a maximum daily production rate of about 316 mg C m-* d-l, which would meet the net annual production estimate of 45 g C m-* in -142 d; about 153 d would be required to meet the estimated annual production of the Phormidium community (Priddle 1980a). If carbon constituted about half of the ashfree dry mass of mats, then these estimates of net annual production represent 114 and 46% of the standing stocks of Tolypothrix-Plectonema and Phormidium communities, respectively. Although these estimates of net annual production are feasible, large amounts of mat material would accumulate unless other mechanisms were responsible for losses. Howevei; herbivory in cyanobacterial mats appears to be very low in antarctic lakes (Vincent 1988) . No reports of scouring, mass export, or burial by sedimentation appear in the literature for these lakes, and Priddle (1980a) noted that mats were slow to regenerate after disturbance. Although standing stocks of these mats may not exist in steady state, the available information suggests that Priddle's estimates of net annual production were rather high. Alternatively, the model could underestimate production for a variety of reasons. The most obvious being a different interpretation of the light environment. It is difficult to evaluate the light regime reported by Priddle (1980a) . Although he used mean dally irradiance values obtained from the same source as those incorporated in our model (Walton 1977) , underwater intensities recorded by Priddle (1980a) show less attenuation due to overlying ice and snow. Moreover, Priddle (1980a) noted difficulties with calibrating his underwater sensor and had to scale his readings against those of another sensor located some distance from his research site. Finally, Priddle (1980a) described midwinter (June) ice thickness (0.3 m) and snow depth (CO.15 m) during his study that were much less than reported for this site and included in the model (previously discussed). All of these factors may have led to discrepancies between actual and simulated light regimes, but only additional irradiance measurements can resolve this queslion.
There are several other reasons why model predictions could underestimate production, including seasonal changes in water temperature that could constrain respiration more than photosynthesis as well as photoadaptation of cyanobacteria producing higher than expected rates of photosynthesis during periods of low light intensity. Regarding the former point, Priddle (198Oa) observed no consistent relationship between water temperatures and respiration rates, and Hawes (1983) reported very small changes between winter and spring temperatures (5 1°C) throughout the depth profile of Sombre Lake. Thus, changes in metabolic rates due to seasonal temperature variations probably did not contribute significantly to the differences between simulations and observations. In contrast, photoadaptation to changing light intensities has been demonstrated for both prokaryotic and eukaryotic cells (e.g. Falkowski and LaRoche 1991) and may yield substantial differences in photosynthetic responses to light intensities (cf. Geider et al. 1996) . Light intensities at the mat surface varied greatly over the course of the year during Priddle's ( 1980a) study, so photoadaptation could have resulted in higher net production under low light conditions than the model permitted. Studies of antarctic mat communities have shown no evidence of photoinhibition or other responses to light intensities exceeding those producing maximum rates of photosynthesis (e.g. Vincent et al. 1993 ), but we are unaware of data demonstrating photoadaptation in benthic mats. Thus, mat responses to changing light regimes are uncertain.
A final consideration of factors that may have contributed (bottom graph) production models. Parameters represented are (see Table 3 ): solid bars = time of melting, open bars = (Y, light hatched bars = y, dark hatched bars = all other parameters. The percent sums of squares value is a surrogate for the percent variation that each parameter contributes to overall model behavior.
to differences between simulations and Priddle's estimates of net annual production relates to the structure of the mat community. Aquatic microbial mats in antarctic ecosystems are combinations of cyanobacteria, algae, dead organic material, bacteria, and sediments embedded in a mucilagenous matrix . Light attenuation is abrupt, so photosynthesis largely is limited to the mat surface while respiration is a whole-mat characteristic (e.g. Vincent et al. 1993) . For this reason the ratio of photosynthesis : respiration should increase as the overall mass of the mat declines. This would increase the relative, net production of a mat as nonphotosynthetic material is lost and, thus, reduce the rate of respiratory loss as standing stock declines. However, Priddle (1980a, b) expressed photosynthetic and respiratory rates as functions of community mass, which also formed the basis of the model. Simulating photosynthesis as a rate phenomenon that is proportional to the mass of the entire mat could produce underestimates of simulated net annual production.
Depth-specific production -Simulated production rates at different depths suggest that the Phormidium community is adapted to low light intensities because positive net production was obtained for all depths (Fig. 2) . Moreover, production values of the Tolypothrix-Plectonema community demonstrate that it is less shade tolerant than Phormidium, because negative production was obtained for TolypothrixPlectonema at depths 16 m (respiration exceeded photosynthesis, given mat characteristics and light conditions discussed). Model results suggest that the ToZypothrix-PZectonema community is more efficient at utilizing the higher light intensities found in the upper 3 m of the water column, whereas the Phormidium community may exist to depths of at least 11 m. Although photoadaptation and changes in photosynthesis : respiration ratios would alter the absolute values of these simulations (see above), the general patterns should remain.
Sensitivity analysis -Results of the sensitivity analysis indicated that the model is most sensitive to variations in the maximum photosynthetic rate (CU), respiration rate (y), and time of ice melting (q,) for both Phormidium and Tolypothrix-Plectonema communities. Combined, these parameters accounted for -90% of the variation observed in model output for the Phormidium and Tolypothrix-Plectonema communities (Fig. 2) . However, the time of melting accounted for the largest portion of variation (40-60%), demonstrating the importance of seasonal weather patterns (ice formation) on light regimes driving benthic algal production.
Given our lack of genuine estimates of variation in model parameter values, results for the 60 sensitivity runs may be interpreted to represent random estimates of benthic mat production. Based on these values, mean net annual primary production was calculated for each mat type (Table 4) . These results are consistent with our earlier estimates of net annual primary production of both mat types at 4-5-m depth and estimated patterns of mat production over depth (Figs. 1, 2) .
